In fusion reactors, structural materials are expected to experience non-steady histories of irradiation temperature, neutron flux and other parameters during reactor start-up/shut-down, plasma disruptions, etc. The objective of the present study is to clarify the effects of the downward temperature change during irradiation.
Introduction
In fusion reactors, structural materials are expected to experience non-steady histories of irradiation temperature, neutron flux and other parameters during reactor start-up/ shut-down, plasma disruptions, etc. Numerous irradiation experiments have been performed in order to clarify the behavior of microstructural evolution under non-steady irradiation conditions. [1] [2] [3] According to these experiments, the irradiation temperature history strongly affects the microstructural evolution and the resultant mechanical property changes of materials exposed to such irradiation. Microstructural evolution under irradiation is very sensitive to the irradiation temperature, because the defect clustering processes are essentially controlled by the thermally activated processes. It is very important to obtain knowledge of material behavior under irradiation with temperature change. Moreover, from the technical point of view, it is necessary to develop an understanding of the effects of temperature change, in order to predict the lifetime of the reactor.
Recently, several works concerning temperature change during irradiation have been published, in which the effects of upward temperature changes on microstructure are discussed experimentally and theoretically. [4] [5] [6] Needless to say, there are two basic types of temperature change, the upward and the downward temperature change. The former has been studied rather intensively, because it was easily deduced that small vacancy clusters dissociate due to upward temperature change. These vacancies dissociated from the clusters are supposed to affect the microstructural evolution during irradiation. On the other hand, few studies have been reported on downward temperature change, because it was not expected to produce any significant effects. It was also believed that the typical microstructure at the lower temperature would be merely superimposed upon the microstructure at the higher temperature. However, there is no experimental evidence to support this supposition. Furthermore, authors have performed neutron irradiation under downward temperature change, in which a significant growth of cavities was observed in pure vanadium during neutron irradiation in JMTR (Japan Material Testing Reactor). Based on the previous studies of irradiation at constant temperatures, 7, 8) it is difficult to understand why cavities grew under irradiation at low temperature. In general, coarser microstructures are observed at higher temperatures when the irradiation temperature is still below the temperature of the swelling peak. The growth of defect clusters during downward temperature change was also reported by some researchers who shared the same irradiation experiment in JMTR (95M-5U). 9, 10) Understanding this behavior of microstructural evolution was difficult within the framework of conventional theory, which is based on irradiation experiments at constant temperatures. One of the possible explanations was that the irradiation temperature at the location of some samples was higher than the temperature measured by the thermocouples. For the purpose of confirming and clarifying this problem, further irradiation experiments were necessary, in which the precise temperature history of specimens would be monitored.
Moreover, it is very important to investigate the effects of downward temperature change in order to gain a better understanding of the basics of temperature effects, because both upward and downward temperature changes will occur in a fusion reactor. Knowledge of the effects of temperature change, acquired in a simple, stepwise manner, will be of great help in clarifying the microstructural evolution of materials during irradiation and a complex temperature history. The objective of the present study has been to clarify the effects of the downward temperature change during irradiation. Vanadium has been chosen in this study because of its importance in fusion-reactor structural-material R&D, 11, 12) and also because it has a relatively simple solidsolution microstructure. 
Experimental Procedure
Pure vanadium was used in this study. The ingot was prepared by electron-beam melting, followed by cold rolling into 0.25-mm thick sheets. Transmission electron microscopy (TEM) disks were punched from the sheets. The resulting TEM disks, 3 mm in diameter, were wrapped with tantalum and zirconium getter foils and annealed at 1100 C in a high vacuum (2 Â 10 À4 Pa). Heavy ion irradiations were performed using the tandemtype accelerator at the HIT (High-Fluence Irradiation Facility located at the University of Tokyo) and RIAM (Research Institute for Applied Mechanics at Kyushu university) facilities. The incident ions were 4-MeV nickel ions and 2.4-MeV copper ions in HIT and RIAM, respectively. The ion-irradiation conditions are illustrated in Fig. 1 . The irradiation temperature was 500 C and the damage was 0.25 dpa, followed by irradiations of 0.25 dpa at lower temperatures of 200 C, 350 C and 400 C, respectively. The damage rates were about 5:0 Â 10 À4 dpa/s. After the irradiations, the TEM foils were electro-polished, using the sectioning technique followed by the back-thinning method, 13) so that the damage region could be observed. The microstructure of the vanadium was examined through the transmission electron microscope (TEM) at 200 kV using conventional bright-field and dark-field techniques. In-situ observation of the ion-irradiated specimens using a highvoltage electron microscope (HVEM) at 1250 kV was performed at 200 C in order to determine the nature of the extended defects formed by the ion irradiation. If the extended defect is of the interstitial type, it will grow as a result of electron irradiation at 200 C, where the vacancy has little mobility, whereas the extended defect will shrink if it is of the vacancy type. 14) In order to investigate the effects of temperature change on the mechanical properties of the exposed materials, nano-indentation tests using a Berkovichtype diamond tip were carried out at room temperature. Radiation hardening was evaluated with a method proposed by Inamura, et al. 15, 16) 3. Results
3.1
The effects of downward temperature change on the microstructural evolution of vanadium Ion-irradiation experiments were performed in order to reveal the effects of downward temperature change, in other words, to clarify the mechanism of growth of the cavities under neutron irradiation during downward temperature change. In our previous paper, 17, 18) we reported that the growth of defect clusters was observed under irradiation during downward temperature change.
Ion irradiations were conducted in order to investigate in detail the mechanism of growth of defect clusters by changing the lower temperature as a parameter. Figure 2 shows the microstructure of pure vanadium after ion irradiation. Precipitates of vanadium carbide and dislocations were observed under irradiation at a constant temperature of 500 C; vanadium carbide is the typical microstructure of pure vanadium irradiated at high temperatures. Although it is well known that vanadium carbide appears in pure vanadium irradiated above 500 C and coexists with cavities, the mechanism of its nucleation and growth, its sink strength for point defects and its stability against temperature change are not clear. The interfaces of these precipitates may act as a neutral sink for point defects, and interstitials with high mobility may be absorbed into the interfaces while vacancies form cavities in the matrix. A coarse microstructure, that is, well-grown dislocations, was observed under irradiation during downward temperature change. Precipitates were not observed after the temperature change. It is not certain whether the precipitates disappeared due to the downward temperature change or had not nucleated during the preirradiation due to the low damage level of 0.25 dpa. For lower temperatures of 350 C and 400 C, a high density of small defect clusters was observed after the temperature changes. Most of these dotted defect clusters were assumed to have been nucleated under irradiation at the lower temperatures. The density of these defect clusters was larger in 500/350 C irradiation than in 500/400 C. The conventional theory explains the larger fraction of the nucleation of the defect clusters as a result of the lower temperature. Cavities were observed in 500/350 C irradiation and in irradiation at a constant temperature of 500 C, while there were no cavities under irradiation at the lower temperatures of 200 C and 400 C. The number densities of the cavities under 500/ 350 C irradiation and 500 C irradiation were 8 Â 10 21 /m 3 and 1:6 Â 10 22 /m 3 , respectively. On the other hand, the average size of the cavities was almost the same, about 5 nm, for both irradiations. The lower density of the larger cavities was expected under irradiation at 500 C, because the dose at the higher temperature was twice that of the dose at 500/ 350 C irradiation. This suggests that the downward temperature change enhanced the growth of cavities, which is in good agreement with the results of previous neutron irradiation experiments.
In-situ HVEM investigations were performed in order to determine the nature of the small defect clusters that were observed under 500/350 C irradiation and 500/400 C irradiation. Figure 3 shows the microstructural evolution of the material during in-situ HVEM observation after an ion irradiation at 500/350 C. The damage levels induced by the electrons were 0.06 dpa, and the damage rate was 0:5 Â 10 À3 dpa/s. Small dotted defect clusters were observed at the beginning of the electron irradiation (left). These defect clusters grew to dislocation loops due to the electron Effects of Downward Temperature Change on Microstructure in Vanadium Alloys during Irradiation 523 irradiation after 12 s of HVEM observation (right). Upon conducting subsequent HVEM experiments, we concluded that most of these dotted defect clusters that were formed under irradiation at the lower temperatures were of the interstitial type. Figure 4 shows the qualitative correlation between the Vickers hardness derived from nano-indentation tests and the yield-stress increase estimated from the microstructure. This estimation was done using the equation of the dispersed barrier hardening based on the theory of dislocation: 19) 
The correlation between the mechanical properties and the microstructure
where is the yield stress, M is the Taylor factor, is the coefficient representing the strength of the defect clusters as a barrier against dislocation motion, is the shear modulus, b is assumed to be 0.2 for dislocations and 0.3 for cavities. The Vickers hardness is largest after irradiation at a constant temperature of 500 C. In other words, radiation hardening was repressed by the downward temperature change, although the hardening is generally larger under irradiation at lower temperatures. 20) The coarsening of the microstructure due to the downward temperature change, as observed under TEM, corroborated this. The tendency of the Vickers hardness was not in good agreement with the estimation based on the microstructures under 500/350 C irradiation and 500/200 C irradiation. In the case of the 500/ 350 C irradiation, the dotted defect clusters, which were only observed with the dark-field technique, were not taken into account because the weak contrast made measurement difficult. Consequently, the value of the yield-stress increase estimated based on the microstructure was smaller than the actual hardening. In the case of the 500/200 C irradiation, there may have existed much smaller clusters which were invisible by TEM, and these clusters may have contributed to the hardening values given by the nano-indentation tests.
Discussion
4.1 Microstructural evolution due to downward temperature change As the results of these ion-irradiation experiments show, defect clusters of the interstitial type were observed in the form of dislocation segments after irradiation under downward temperature change, and cavities were formed only under the 500/350 C irradiation. These experimental results are understood as follows. Figure 5 shows a diagram of the microstructural evolution after the downward temperature change. The horizontal axis represents the damage level after the downward temperature change, and X ¼ 0 indicates the end of the pre-irradiation to 0.25 dpa at 500 C, where the cavities and the interstitial loops are supposed to be formed. We deduced that defect clusters of both the interstitial type and the vacancy type grew just after the downward temperature change, because a coarse microstructure of dislocations and a growth of cavities were observed. Although it could be pointed out that the dislocation segments observed by TEM were formed under irradiation of 0.25 dpa at a higher temperature, the damage level of 0.25 dpa is supposedly not sufficient to cause the growth of interstitial loops into dislocation segments. Moreover, previous studies and neutron irradiation experiments have also suggested that defect clusters grow due to downward temperature change, and so it seems reasonable to conclude that defect clusters did grow due to downward temperature change in our experiment. After this growth process, the re-nucleation of the defect clusters occurred with increasing damage levels, because a high density of small interstitial loops was observed after irradiation at the lower temperatures of 400 C and 350 C. The re-nucleation process is well understood by the conventional theory, which states that it is strongly dependent on the mobility of point defects; this explains the difference in number density of small interstitial clusters. In other words, the fraction of nucleation is smaller under irradiation at the higher temperatures in this temperature regime of 350-400 C. Although defect clusters start to grow after the renucleation process, the shrinkage of cavities occurs preferentially, because the mobility of the vacancies is relatively small in this temperature regime. After the 500/400 C irradiation, the resultant microstructure of the dislocation segments and a low density of small interstitial loops were observed. Under the 500/350 C irradiation, the beginning of re-nucleation process was delayed because the mobility of the point defects was lower at 350 C, and the irradiation was finished before the onset of cavity shrinkage. Consequently, after the 500/350 C irradiation, a microstructure of dislocation segments with a high density of small interstitial loops and cavities was observed. Dislocation segments were only observed under irradiation at the lower temperature of 200 C, because the vacancies were immobile; that is, cavity shrinkage due to mobile interstitials occurred and the renucleation process started too late to form visible defects.
Mechanism of defect growth by the downward
temperature change In the previous section, it was concluded that the growth of defect clusters take place just after the downward temperature change. Possible mechanism will be discussed in this section. The diffusion coefficient of point defects (D i > D v ) is larger at higher temperature and the concentration of point defects in the matrix is smaller at higher temperature. As a result, concentration of interstitials reaches to the steady state earlier than vacancy and unbalance of flux of point defects appears, in other words, motion efficiency of interstitials is higher just after the downward temperature change (D i C i > D v C v ). Growth of interstitial cluster is explained with this excess supply of interstitials. On the other hand, growth of vacancy cluster was also observed despite vacancy-lean condition is expected from the rate theory during this temperature change. The supply of extra vacancies seems to be needed for the growth of defect clusters of vacancy type. Because the dissociation of vacancy clusters is regarded as thermal activation process, the stability is better in lower temperatures. It is unlikely to occur that the tiny vacancy clusters become unstable during the downward temperature change. One possible reason for the growth of defects of vacancy type is as follows. Because that the sink strength of point defects is large due to the dense extended defects formed during pre-irradiation at higher temperatures, the process of interstitial migration to biased sinks is dominant and the remained vacancies could escape from mutual recombination of point defects and grows the cavities. Consequently, coarse microstructures of both interstitial and vacancy types are observed.
Conclusions
Pure vanadium was subjected to heavy ion irradiation, so that the effects of downward temperature change during irradiation could be clarified.
The growth of defect clusters after the downward temperature change was confirmed by our heavy ion-irradiation experiments. According to our nano-indentation tests, radiation hardening was repressed by the downward temperature change, a fact corroborated by microstructural observation.
The mechanism of the growth of defect clusters was investigated in detail by changing the lower temperature as a parameter. The growth of defect clusters occurred just after the downward temperature change, followed by the renucleation of the defect clusters. We conclude that it is the temperature and the damage levels at the lower temperatures which determine the microstructure.
The growth of defect clusters just after the temperature change is explained by the imbalance of motion efficiency and the strong biased sink formed during the pre-irradiation at the higher temperatures.
